• LC GHG balance of soybean is dominated by LUC emissions.
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Highlights:
• LC GHG balance of soybean is dominated by LUC emissions.
• Significant GHG variation was calculated for LUC scenarios and cultivation systems.
• Tillage systems have higher GHG emissions than reduced-(no-)tillage systems.
• Uncertainty in N 2 O is high and dominates cultivation GHG emissions M A N U S C R I P T 
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additions and mineralization of soil organic matter were identified as a major contributor to the soybean GHG balance (Brandão et al., 2010; Snyder et al., 2009; Reijnders and Huijbregts, 2008; Landis et al., 2007) , since N 2 O has a high Global Warming Potential in relation to CO 2 (1 kg N 2 O is equivalent to 298 kg CO 2 eq, for a 100 year timehorizon). However, there are significant uncertainties in N 2 O emission calculations (IPCC, 2006) , particularly for N 2 O emissions originating in the fraction of N lost via runoff, leaching and volatilization (Reijnders and Huijbregts, 2011) . In addition, only a few studies have assessed how this influences the soybean GHG balance (Del Grosso et al., 2009; Smeets et al., 2009; Snyder et al., 2009; Panichelli et al., 2009; Smaling et al., 2008; Reijnders and Huijbregts, 2008; Miller, 2010; Miller et al., 2006) .
The transportation of soybean can represent an important contribution to the GHG balance (Prudêncio da Silva et al., 2010) . Soybean is transported long distances by road and 42% of the soybean produced in Brazil (and 25% in Argentina) was exported for processing in other countries (Product Board MVO, 2011) . Although long distance transoceanic transport might increase GHG emissions slightly, Prudêncio da Silva et al. (2010) showed that the place of origin of soybean within Brazil strongly affects its environmental impact, due to the current predominance of road transport.
Alternative LUC scenarios, cultivation and transportation systems can be critical in terms of soybean LC GHG intensity. This has not been addressed comprehensively in previous research. The main purpose of this article is to present an LC GHG assessment of soybean produced in Latin America (LA) and exported to the European Union (EU). A comprehensive evaluation of the implications of 45 scenarios (a combination of alternative LUC, cultivation systems, soil types and climate regions) was undertaken. A sensitivity analysis to field N 2 O emissions was implemented, since there is significant uncertainty regarding the emission factors and partitioning fractions (volatilization and leaching factors) adopted in calculations (IPCC, 2006) . Default, maximum and minimum values from the IPCC (2006) for emission factors and partitioning fractions were adopted to assess the influence on field N 2 O emission M A N U S C R I P T
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calculations. An analysis of the effect of soybean origins on GHG intensity was also implemented for various types of lorry and distances between plantations and ports.
The article is organized in 4 sections, including this introduction. Section 2 presents the LC model and inventory for soybean, including alternative LUC scenarios, soybean cultivation and transportation systems. Section 3 discusses the main results and Section 4 draws the conclusions together.
Life-cycle model and inventory
A life-cycle GHG assessment of soybean was implemented, based on the principles and framework of the life cycle assessment (LCA) methodology (ISO, 2006) . This assessment comprises the compilation and evaluation of the inputs, outputs and potential environmental impacts (without predicting the absolute or precise environmental impacts) of the product system throughout its life-cycle (ISO, 2006) . The GHG intensity of soybean was assessed on the basis of the LC model and inventory (inputs and outputs) described in this section. The GHG intensity (GHG emissions expressed as CO 2 equivalent) was calculated by multiplying emissions of carbon dioxide (CO 2 ), methane (CH 4 ) and nitrous oxide (N 2 O) by their corresponding global warming potential (100-year time horizon) (IPCC, 2007) . It was found that other GHG emissions occur in negligible amounts in the soybean system analyzed and were, therefore, not pursued.
The LC model includes GHG emissions associated with direct LUC, soybean cultivation and the transport of soybean (from plantations to ports and from ports to Portugal). Emissions related to upstream manufacturing of inputs were included although the contribution from the manufacture of capital equipment was assumed to be negligible. Indirect LUC emissions were not addressed, given the lack of available data on the indirect conversion of soils and since there is no consensus on how to account for this (European Commission, 2010a) .
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The functional unit chosen was 1 kg of soybean produced in LA and exported to Europe. The EU consumed about 14 million tonnes of soybean in 2010 (93% imported from LA and the US) and 89% of this amount was consumed by the crushing industry (Product Board MVO, 2011) . In the EU-27 imported soybean is predominately used to produce soybean meal for the livestock feed industry since, without the protein provided by soybean, Europe would not be able to maintain its current level of livestock productivity (Krautgartner et al., 2012) . The EU-27 is the second largest soybean importer, surpassed only by China (USDA, 2012) . Brazil is the EU's leading supplier of soybean (40-70%) and Argentina is the leading supplier of soybean meal (50-55%) (Krautgartner et al., 2012) . warm temperate, moist and dry) and soil characteristics (low and high activity clay soils). Three climate regions and two soil types were selected because they represent M A N U S C R I P T
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Forty-five scenarios were considered, since the soybean area increased significantly during the period 1991-2011 in Brazil (9.6 to 23.9 Mha) and Argentina (4.8 to 18.8 Mha) (FAO, 2012) . Panichelli et al. (2009) GHG emissions from carbon stock changes caused by LUC were calculated using Eq.
(1), following the IPCC Tier 1 and Renewable Energy Directive (IPCC, 2006; European Commission, 2009 , 2010b . Annualized GHG emissions from carbon stock change due to LUC were found by dividing by the time period in which C pools are expected to reach equilibrium after land-use conversion (IPCC default: 20 years).
in which e l (t CO 2 eqt -1 soybean) are the annualized GHG emissions from carbon stock change due to LUC; CS R (t C ha -1 ) is the carbon stock associated with the reference (previous) land use; CS A (t C ha -1 ) is the carbon stock associated with the actual land use (soybean cultivation) and P (t soybean ha -1 year -1 ) is the productivity. In order to calculate CS R and CS A , Eq. (2) was applied (FNP, 2012; Ortega, 2009, 2010; Ortega et al. 2005; Dalgaard et al., 2008; Panichelli et al., 2009) . Table 3 shows the annual production and main inputs of 3 types of cultivation in Brazil and Argentina: no-tillage (NT), reduced tillage (RT) and tillage (T). It should be noted that NT is now widespread in Brazil and Argentina (more than 70%).
Table 3 about here
The LCI for NT soybean cultivation in Brazil was based on official data for agricultural operations and inputs for transgenic Roundup Ready (RR) soybean production in Paraná state (FNP, 2012) . In Paraná, more than 90% of soybean is RR produced under NT. An RT LCI was adopted from Ortega (2009, 2010) . For soybean cultivation under tillage in Brazil, an LCI was produced based on the intensive system described by Ortega et al. (2005) , characterized by the intensive use of pesticides and agricultural machinery. Pesticide use was calculated based on the input data and information on individual trade products, doses and main active ingredients.
The type of fertilizers used in soybean plantations was adopted from Brazilian statistics M A N U S C R I P T
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for the fertilizers sector. The diesel consumption considered for the NT soybean system was calculated based on the specific consumption for agricultural operations provided
by Romanelli et al. (2012) . In all cultivation systems, a residual effect of lime application for 5 years was considered; the values shown in Table 3 are the corresponding annual values.
The main inputs of NT soybean production in Argentina were based on the LCI presented by Dalgaard et al. (2008) . Concerning RT and T soybean production in Argentina, the LCI data was adopted from Panichelli et al. (2009) , but adjustments were made for soybean yields and pesticides. The yields were calculated for RT (2677
) and T (2248 kgha -1 ) based on the average yield of 2591 kgha -1 and the respective RT and T shares in national production (79.9% and 20.1%) (Panichelli et al., 2009) . It was also considered that the soybean yield is about 17%-20% higher under RT than T systems, based on information for cultivation in other countries (Opara-Nadi, 1993). Regarding pesticides, it was considered that pesticide use is higher in RT systems (Deike et al., 2008; Friedrich, 2005) , in particular the use of herbicides (2,4D is typically consumed in RT) (Tosi et al., 2005) . The use of glyphosate was calculated as the weighted quantity of glyphosate for both systems, considering the national shares of RT and T production systems (79.9% and 20.1%).
GHG emissions: agricultural operations and field emissions
Regarding GHG emissions from soybean cultivation, diesel combustion from agricultural operations (mainly CO 2 , calculated based on Nemecek et al. (2007)) together with field CO 2 emissions from liming (IPCC, 2006) and N 2 O emissions (from N additions to soils and mineralization of N in soil organic matter following land-use change in mineral soils) were considered. GHG emissions associated with the production of agricultural inputs were also accounted for using emission factors for pesticides (Nemecek et al., 2007) , limestone (Kellenberger et al., 2007) , fertilizers (Patyk and Reinhardt, 1997; Nemecek et al., 2007) and diesel (Jungbluth, 2007) .
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The IPCC 
in which F SN is the annual amount of synthetic fertilizer N applied to soils (kg N ha 
Soybean transportation
The transportation of soybean from the plantations in Brazil and Argentina to Europe encompasses transport by lorry ("16-32t") to the ports and by transoceanic freighter to the port of Lisbon (Portugal). It was assumed that the type of lorry complies with EURO 3 (European Union emission standards for vehicles, Directive 98/69/EC). The GHG emissions from transoceanic and road transportation were calculated based on emissions factors (Spielmann et al., 2007) and distances between the different places of origin of the soybean and the port of Lisbon. The distances from Brazil and
Argentina to the port in Portugal were 8371 km and 10244 km, respectively. The distances were estimated on the basis of the distances presented in Table 5 and the quantity exported from each port (the weighted average distance). In Brazil (in 2010), M A N U S C R I P T
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about 85% of soybean was exported from the ports of Santos (25%), Paranaguá (36%), Rio Grande (16%) and Vitória (8%) (Silva, 2010) . In Argentina, 75% of the soybean was exported (the average for 2009-2010) from Bahia Blanca (30%), Rosario (24%) and San Lorenzo/San Martin (21%) (MAGyP, 2012) .
Table 5 about here
Regarding the transport of soybean from the plantations to the ports, the distances of 1456 km and 403 km were adopted for Brazil and Argentina, respectively. These weighted average distances were calculated based on the distances between the main ports and the main soybean producing locations (IBGE, 2012; SIIA, 2012) Concerning cultivation, it can be observed that tillage systems have higher GHG emissions than the corresponding reduced or no-tillage systems in each region. The lowest GHG emissions occur when soybean is cultivated using reduced and no-tillage in former grassland in the warm temperate dry region (less than 2.2 kg CO 2 eq kg 
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matter, with positive impacts on both soil productivity and GHG reductions Ortega, 2009, 2010) .
GHG emissions from the cultivation and transport of soybean vary between 0.3 and 0.9 kg CO 2 eq kg -1 soybean. The contribution of cultivation ranges from 2% (rainforest conversion in the tropical region, NT soybean) to 53% (no LUC in all regions, T soybean). Transportation represents between 2% (rainforest conversion in the tropical region in all soybean cultivation systems) and 60% (no LUC in tropical and warm temperate moist regions, NT soybean) of the total GHG emissions. When LUC is not considered, the contribution of cultivation varies between 40%-49% (no-and reduced tillage) and 53% (tillage) for the alternative systems, whereas transportation contributes 47%-60% to the total soybean GHG emissions.
GHG emissions from soybean cultivation
GHG emissions for the alternative cultivation systems (including the contribution of main inputs) are shown in Fig. 3 . N 2 O emissions from N mineralization (as a result of loss of soil carbon due to LUC) are not presented in Fig. 3 . GHG emission ranges for cultivation obtained from the sensitivity analysis performed for field N 2 O emissions (maximum and minimum parameters and emission factors) are presented in the chart as error (range) bars. GHG emissions for soybean cultivation, adopting default values in the calculation of field N 2 O emissions, vary between 0.14 (reduced-tillage, Argentina) and 0.32 kg CO 2 eq kg -1 (tillage, Brazil). These results can be justified by the higher soybean yields and lower diesel requirements (for machinery) in no-and reduced tillage, since direct seeding is performed without primary tillage. T  NT  RT  T  NT  RT  T  NT  RT  T  NT  RT  T  NT 
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